Neural circuits are composed of mainly glutamatergic and GABAergic neurons, which communicate through synaptic connections. Many factors instruct the formation and function of these synapses; however, it is difficult to dissect the contribution of intrinsic cell programs from that of extrinsic environmental effects in an intact network. Here, we perform paired recordings from two-neuron microculture preparations of mouse hippocampal glutamatergic and GABAergic neurons to investigate how synaptic input and output of these two principal cells develop. In our reduced preparation, we found that glutamatergic neurons showed no change in synaptic output or input regardless of partner neuron cell type or neuronal activity level. In contrast, we found that glutamatergic input caused the GABAergic neuron to modify its output by way of an increase in synapse formation and a decrease in synaptic release efficiency. These findings are consistent with aspects of GABAergic synapse maturation observed in many brain regions. In addition, changes in GABAergic output are cell wide and not target-cell specific. We also found that glutamatergic neuronal activity determined the AMPA receptor properties of synapses on the partner GABAergic neuron. All modifications of GABAergic input and output required activity of the glutamatergic neuron. Because our system has reduced extrinsic factors, the changes we saw in the GABAergic neuron due to glutamatergic input may reflect initiation of maturation programs that underlie the formation and function of in vivo neural circuits.
Introduction
Proper balance of excitation and inhibition (E/I) is required for efficient information processing in neural circuits (Rubenstein and Merzenich, 2003; Klausberger and Somogyi, 2008; Huang, 2009) . The underlying components of E/I balance are the synaptic connections made between glutamatergic and GABAergic neurons. One key component to achieving proper E/I balance in a mature network is the maturation of GABAergic synapses (Grantyn et al., 2011) .
Neuronal activity can affect synapse formation and function (Craig and Boudin, 2001; Burrone et al., 2002; Hartman et al., 2006; Huang, 2009; Lu et al., 2009) , which ultimately shapes the properties of a network. Glutamatergic input has been shown to affect GABAergic synapse number/function in an activitydependent manner (Marty et al., 2000; Colin-Le Brun et al., 2004; Hartman et al., 2006) and it has been proposed that activitydependent maturation of GABAergic neurons during development includes synaptogenesis (Marty et al., 2000; Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004) and decreased release probability characteristics (Morales et al., 2002; Tang et al., 2007; Jiang et al., 2010) . Recent evidence suggests that eliminating postsynaptic transmission in individual excitatory neurons in vivo also decreases the strength of inhibitory transmission onto those neurons (Lu et al., 2013) . Although there is ample evidence that synaptic input modifies GABAergic neurons, whether these changes simultaneously affect synapse formation, synapse output function, or other characteristics of GABAergic function is little understood.
To determine how glutamatergic input affects this set of parameters in GABAergic neurons in a quantitative manner, we chose a simplified circuit (Cohen and Segal, 2011; Williams et al., 2011) of glutamatergic-GABAergic two-neuron microcultures. As reported previously in culture preparations, glutamatergic synapse formation was not affected by activity (Craig et al., 1994 . On the contrary, we found that the GABAergic neuron increased its number of synaptic outputs in response to glutamatergic input while simultaneously decreasing its synaptic efficiency by way of decreased release probability. The modulation of GABAergic synapse formation and function by glutamatergic input was not target-cell specific with regard to an excitatory or inhibitory postsynaptic cell identity, but rather depended on activity in the glutamatergic neuron. In addition, we found the first evidence that glutamatergic neuronal activity altered glutamatergic input onto GABAergic neurons by changing AMPA receptor (AMPAR) properties. Together, our data suggest that glutamatergic input induces significant alterations of GABAergic neuron input-output function through multiple parameters. These findings may have implications in the proper formation of developing neural circuits, especially the maturation process of newly incorporated GABAergic neurons.
Materials and Methods
Neuronal culture. Murine microisland cultures were prepared as described previously (Xue et al., 2007) . Hippocampal neurons from newborn mice (P0 -P1) of either sex were plated at a density of 4000 neurons per 35-mm-diameter dish. We chose islands that contained a pair of neurons for recordings. Cells were used for electrophysiology and morphological analysis at 12-15 days in vitro (DIV) . For experiments in which neuronal activity was blocked, neurons were cultured in the presence of 0.5 M TTX (Tocris Bioscience) added at DIV 6, 10, and 14. For experiments in which ionotropic glutamatergic receptors were blocked, neurons were cultured in the presence of 2 M 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX; Tocris Bioscience) and 100 M D-(-)-2-amino-5-phosphonopentanoic acid (APV; Tocris Bioscience) or 10 M philanthotoxin-433 (Sigma-Aldrich) added at DIV 6, 10, and 14.
In some experiments (Figs. 1, 2, 6, 7), we cultured neurons from GAD67-GFP (⌬neo)/ϩ (GAD67) mice, in which GABAergic neurons expressing GAD67 are fluorescently labeled (Tamamaki et al., 2003) .
Comparison of electrophysiological response properties of striatal GABAergic GAD67-GFP (⌬neo)/ϩ and wild-type neurons revealed no significant differences in synaptic properties: spontaneous miniature IPSCs (mIPSCs) amplitudes: WT; 43.6 Ϯ 2.6 pA, n ϭ 30; GAD67; 38.8 Ϯ 2.6 pA, n ϭ 31; p Ͼ 0.05; vesicular release probabilities (P vr ): wild-type (WT); 14.0 Ϯ 2.3%, n ϭ 14; GAD67; 14.3 Ϯ 2.3%, n ϭ 11; p Ͼ 0.05.
Lentivirus constructs and production. For cell-type-specific expression of Kir2.1, we made use of the Cre/LoxP recombination system in combination with two lentiviral shuttle vectors and Viaat (VGAT)-promoterdriven expression of Cre recombinase (Viaat Cre mice; Chao et al., 2010) . For glutamatergic expression, we used a floxed lentiviral shuttle vector in which a synapsin promoter controlled expression cassette of Kir2.1 fused to nuclear localization sequence-tagged green fluorescent protein (NLS-GFP) via a self-cleaving P2A peptide (Kim et al., 2011) is framed by two likewise-oriented mutant LoxP sites [LE/RE mutation (f(syn)FLOX(NLS-GFP-P2A-Kir2.1)]. In GABAergic cells, Viaat-promoter-driven Cre expression causes the deletion of the NLS-P2A-Kir2.1 transgene, resulting in no NLS-GFP or Kir2.1 expression (Albert et al., 1995; Araki et al., 1997) . For expression of Kir2.1 in GABAergic neurons, we used a synapsin-promoter-controlled Crerecombinase-dependent lentiviral expression system carrying a reversed and double-floxed NLS-GFP-P2A-Kir2.1 transgene with two nested pairs of incompatible mutant (LE/RE) lox sites (LoxP and Lox2722). A red fluorescent protein (RFP) transgene was cloned in sense orientation between the first two lox sites [f(syn)LoxP_RFP_Lox2722_reverseNLS-GFP-P2A-Kir2.1_LoxP_Lox2722]. In this configuration, RFP is only expressed in non-Cre-expressing cells. In Viaat-Cre GABAergic neurons, Cre expression leads to a switch from RFP to NLS-GFP and Kir2.1 translation due to excision and inversion events by Cre at the lox sites (Sohal et al., 2009 ). The resulting two lox sites are incompatible and doubly mutated to prevent further genomic recombination (Albert et al., 1995; Araki et al., 1997; Sohal et al., 2009 ). Control pairs for each of the celltype-specific Kir2.1 expression groups were infected with these constructs lacking the sequence for Kir2.1.
For pHluorin-imaging experiments, the coding sequence of SypH 2X (Zhu et al., 2009) was PCR amplified and cloned in the lentiviral shuttle vector downstream of the synapsin promoter sequence using the restriction enzymes AscI and PacI.
After sequence verification, lentiviral particles were prepared as described previously (Lois et al., 2002) . Briefly, HEK293T cells were cotransfected with 10 g of shuttle vector and the helper plasmids pCMVdR8.9 and pVSV.G (5 g each) with X-tremeGENE 9 DNA transfection reagent (Roche Diagnostic). After 72 h, the virus-containing cell culture supernatant was collected and purified by filtration. Aliquots were flash-frozen in liquid nitrogen and stored at Ϫ80°C. For infection, virus (6 ϫ 10 5 to 1 ϫ 10 6 IU/ml) was added to 1 DIV hippocampal neurons.
Electrophysiology. Whole-cell voltage-clamp recordings were performed with a patch-clamp amplifier (MultiClamp 700B amplifier; Molecular Devices) under the control of Clampex 9.2 (Molecular Devices). Data were acquired at 10 kHz and low-pass filtered at 3 kHz. The holding potential was Ϫ70 mV. The series resistance was compensated at 70% and only cells with series resistances Ͻ10 M⍀ were analyzed. The pipette resistance was between 2 and 5 M⍀. The standard extracellular solution contained the following (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 2 CaCl 2 , and 4 MgCl 2 (all from Carl Roth), 300 mOsm, pH 7.4. Hypertonic solution for measuring readily releasable vesicle pool (RRP) size was made by adding 500 mM sucrose (Sigma-Aldrich) to the standard extracellular solution. The KCl patch pipette solution contained the following (in mM): 136 KCl, 17.8 HEPES, and 1 EGTA (Carl Roth); 0.6 MgCl 2 and 4 ATP-Mg (Sigma-Aldrich); 0.3 GTP-Na (Sigma-Aldrich); 12 phosphocreatine (Calbiochem, MERCK); and 50 U*ml Ϫ1 phosphocreatine kinase (Sigma-Aldrich), 300 mOsm, pH 7.4. This solution set the reversal potential of IPSCs and EPSCs to ϳ0 mV.
Step depolarization (to 0 mV, 2 ms) was applied sequentially (with 2 s delay) to each neuron to induce a single action potential in the respective axon, resulting in pairs of autaptic and heterosynaptic postsynaptic currents (PSCs). The RRP was determined as in Rosenmund and Stevens (1996) .
In heterotypic pairs (glu-GABA), quantification of PSC, RRP, and P vr was accomplished by consecutively blocking the glutamatergic and GABAergic contributions with kynurenic acid (3 mM; Tocris Bioscience) and bicuculline (30 M; Tocris Bioscience), respectively. For all pairs, output PSCs were defined as the sum of autaptic and heterosynaptic PSCs. For heterotypic (glu-GABA) pairs, output RRPs were defined as the sum of the autaptic and heterosynaptic hypertonic sucrose-evoked responses. For homotypic (glu-glu or GABA-GABA) pairs, RRP sizes were defined as the sum of autaptic and heterosynaptic connections onto a neuron (input RRP), because the contribution of each neuron is not pharmacologically distinguishable in this configuration. Because amplitudes of output PSC and sizes of input RRP were comparable between the two neurons in glu-glu (output PSC: p ϭ 0.78; input RRP: p ϭ 0.72) or GABA-GABA pairs (output PSC: p ϭ 0.20; input RRP: p ϭ 0.21), the input RRP was assumed to be equivalent to output RRP in homotypic pairs.
Vesicular release probability (P vr ) was calculated by dividing the evoked response (1 or 2 s integration for EPSC or IPSC, respectively) charge by the RRP charge. In homotypic pairs, the mean input P vr was defined as P vr of autaptic and heterosynaptic connections ending at a common postsynaptic neuron and was calculated by dividing the sum of a neuron's input autaptic PSC charge and input heterosynaptic PSC charge from the partner neuron by its input RRP charge.
Paired-pulse ratios (PPRs) were computed by dividing the second PSC amplitude by the first (PPR ϭ EPSC2/EPSC1 and IPSC2/IPSC1) of a pair of PSCs stimulated at a specific interval (EPSCs 25 ms; IPSCs 100 ms). Spontaneous release was detected as described previously (Clements and Bekkers, 1997) .
For recording the current-voltage relationship of AMPAR-mediated EPSCs, the presynaptic neuron (glutamatergic) was stimulated by step depolarization with KCl patch pipette solution. Whole-cell currents were obtained in the postsynaptic neurons (glutamatergic or GABAergic) with a CsCl patch pipette solution containing the following (in mM): 143 CsCl; 20 HEPES; 1 EGTA (Carl Roth); 0.6 MgCl 2 ; 4 ATP-Mg (Sigma-Aldrich); 0.3 GTP-Na (Sigma-Aldrich); 12 Phosphocreatine (Calbiochem, MERCK); 50U ml Ϫ1 Phosphocreatine kinase (Sigma-Aldrich); 2 QX314; 0.05 spermine (300 mOsm; pH 7.4). APV (100 M) and bicuculline (30 M) were present in the extracellular solution to isolate AMPAR responses. Current-voltage plots were generated by plotting the EPSC amplitudes at holding potentials of Ϫ80 to ϩ60 mV with 20 mV increments. The current-voltage relationship in control and Kir2.1 expressing neurons in a glu-GABA pair were obtained by recording the current response to hyperpolarizing steps from Ϫ80 to Ϫ110 with 10 mV decrements with KCl patch pipette solution.
Data were analyzed offline using AxoGraph X (AxoGraph Scientific), KaleidaGraph (Synergy Software), and Prism5 (GraphPad). Statistical significance was tested using the Student's t test for two groups with normal distribution and one-way ANOVA with a Tukey post hoc test for three or more groups.
Immunocytochemistry and morphological analysis. Quantification of dendritic tree size and synapse type and number was performed using immunocytochemical staining for MAP2, VGLUT1, and VGAT. For relative expression levels of activity-dependent or cell growth markers, staining for c-fos or pS6, respectively, in glu-GABA microculture pairs cultured in the presence or absence of 0.5 M TTX (Tocris Bioscience) added at DIV 6, 10, and 14 was also used. Microisland cultures from wild-type mice were fixed at DIV 12-15 with 4% paraformaldehyde (Sigma-Aldrich) and permeabilized with 0.02% Tween 20 in PBS (PBST). After blocking with 4% normal goat serum (NGS; Jackson ImmunoResearch) in PBST for 1 h at room temperature, the specimens were incubated overnight at 4°C with guinea pig anti-VGLUT1 (1:4000; Synaptic Systems), mouse anti-VGAT (1:1000; Synaptic Systems), and chicken anti-MAP2 (1:2000; Millipore). In some experiments, rabbit anti c-fos (1:500; Abcam) or rabbit anti pS6 (1:500; Cell Signaling Technology) were included. After washing 3 times with PBST for 10 min, cells were incubated for 1.5 h at room temperature in 4% NGS containing the appropriate secondary antibody (Alexa Fluor 488, 555, or 647 at 1:1000; Molecular Probes, Invitrogen). The specimens were then washed three times with PBST for 15 min and mounted on glass slides with Prolong Gold Antifade Reagent (Molecular Probes, Invitrogen). The fluorescence signals were visualized on an Olympus IX 81 microscope with a 20ϫ, 0.75 numerical aperture (NA) objective lens and images were captured with a CCD camera (Princeton MicroMax; Roper Scientific).
Image analysis was performed using ImageJ. The type of neuron (GABAergic/glutamatergic) was identified by elevated fluorescence signals for VGLUT1 or VGAT at the cell soma (Hartman et al., 2006) . For analysis of dendritic length and synapse number, the associated dendrites were determined by tracing using MAP2 staining. The density of synapses along three randomly chosen dendrites was determined by manual counting. Total dendritic length was quantified by measuring the length of all MAP2-positive processes using a custom-written plug-in in ImageJ (Neuron J). The total number of glutamatergic and GABAergic synapses was quantified by fluorescence signals for VGLUT1 and VGAT, respectively, using a custom macro in ImageJ. For assessing relative expression levels of c-fos and pS6, z-stack images with five sections were acquired and average intensity projections were calculated. From the projection image, the average intensity of the immunofluorescence signal for c-fos and pS6 in the nucleus and cytoplasm, respectively, was measured in ImageJ using custom macros and compared from both glutamatergic and GABAergic neurons with and without TTX treatment in glu-GABA pairs. All data processing was performed using Microsoft Excel, KaleidaGraph (Synergy Software), and Prism5 (GraphPad). Statistical significance was tested using Student's t test for two groups with normal distribution and one-way ANOVA with a Tukey post hoc test for three or more groups.
Live cell imaging of SypH 2X in pairs. Microisland cultures of hippocampal neurons were infected with lentivirus to express SypH 2X (Zhu et al., 2009 ). Pairs of neurons were patch-clamped as described in the electrophysiology method section. Neurons were consecutively stimulated with 300 action potentials (APs) at 20 Hz and corresponding 512 by 512 pixel images were captured at a rate of 1 Hz with a 20ϫ objective (0.75 NA) and EMCCD camera (ImageEM; Hamamatsu) mounted on an inverted microscope (IX 51; Olympus). The neurotransmitter type of each neuron was determined by the kinetics of its postsynaptic response.
Images were analyzed using ImageJ. Image stacks were normalized to average baseline fluorescence (three images) before the start of stimulation. Two baseline-normalized images were averaged immediately after stimulation to generate the maximum 300 AP ⌬F/F 0 image. For the total area (pixels) of activated synapses measurement, a minimum threshold (⌬F/F 0 ϭ 0.05) for the maximum 300 AP ⌬F/F 0 image was set and the area of all pixels above this threshold was calculated. Significance of differences between the two groups of GABAergic neurons was tested using Student's t test.
Results

Basic synapse properties in mixed glutamatergic-GABAergic pairs
To determine how synaptic input affects a neuron's output, we performed a systematic electrophysiological (functional) and morphological analysis of pairs of hippocampal neurons grown on a glial microisland (see Materials and Methods). In the case of heterotypic pairs, one cell is excitatory, releasing glutamate (glu), and the other is inhibitory, releasing GABA. In this network, four types of synaptic connections exist; excitatory autapses (E A ), excitatory heterosynapses (E H ), inhibitory autapses (I A ), and inhibitory heterosynapses (I H ) (Fig. 1A) . To examine the specific influence of glutamatergic and GABAergic innervation on synaptic input and output, we compared heterotypic pairs to pairs in which both neurons released the same neurotransmitter (homotypic gluglu or GABA-GABA pairs; Fig. 1B ). We quantified the strength of each connection using electrophysiological methods by measuring PSCs obtained by action potential induction (Fig. 1C,D) . In addition, we measured the RRP size obtained by hypertonic sucrose application (Fig. 1C,D; Rosenmund and Stevens, 1996) , which is the product of the RRP of individual synaptic terminals and the number of synapses. For heterotypic pairs, we consecutively applied the glutamatergic receptor antagonist kynurenic acid and the GABA A receptor antagonist bicuculline (3 mM and 30 M, respectively; Fig.  1C ) to isolate IPSCs and EPSCs, respectively.
We found that glutamatergic neurons had comparable synaptic output in homotypic and heterotypic pairs as the output EPSCs (E A ϩ E H ) and RRP sizes (RRP glu ) were unchanged ( Fig. 1C-E; see Materials and Methods for details). In contrast, GABAergic neurons experienced a change in synaptic output when the pair was heterotypic as the output RRP size (RRP GABA ) for GABAergic neurons increased to 250 Ϯ 30% of that measured for individual GABAergic neurons in homotypic pairs (Fig. 1E ). This suggests a significant expansion in the number of vesicles available for release from GABAergic neurons receiving glutamatergic input. Interestingly, the AP-evoked IPSC responses (I A ϩ I H ) were not affected when the pair was heterotypic (Fig. 1E) .
We found that the amplitudes of the PSC in homotypic pairs and both the EPSC and RRP in glutamatergic neurons from heterotypic pairs produced by the autaptic connections were on average larger than those produced by the heterosynaptic connections (Fig. 1F ). This suggests that, at the least, there is no active suppression of autaptic synapse formation in our system. However, for GABAergic neurons in heterotypic pairs, the IPSC and RRP produced by the autaptic connections were not larger than those produced by the heterosynaptic connections (Fig. 1F ) . Whether this indicates a preference of GABAergic neuron to form synapses onto a glutamatergic partner will be further tested by morphological analysis (see Fig. 5 ).
Glutamatergic input modulates the efficiency of GABAergic synapses
Since glutamatergic innervation increases the RRP GABA size with no change in IPSC output, this may suggest a parallel reduction in efficiency of synaptic release. We probed this by measuring the vesicle release probability (P vr ) and paired-pulse ratios (PPRs) of glutamatergic and GABAergic neurons in glu-GABA pairs, glu-glu, and GABA-GABA pairs (Fig. 2) . Indeed, we found that the GABAergic synapses in glu-GABA pairs displayed significantly lower P vr and higher PPR compared with GABA-GABA pairs (P vr : GABA-GABA 20.6 Ϯ 1.6%; glu-GABA 9.7 Ϯ 0.6%; p Ͻ 0.0001; PPR: GABA-GABA 0.49 Ϯ 0.02; glu-GABA 0.72 Ϯ 0.02; p Ͻ 0.0001; Fig. 2 A, B) . Conversely, in glutamatergic neurons, the output P vr and PPR values were comparable in either glu-glu or glu-GABA pairs (P vr : glu-glu 5.9 Ϯ 0.5%; glu-GABA 6.8 Ϯ 0.5%; p ϭ 0.24; PPR: glu-glu 1.32 Ϯ 0.04; glu-GABA 1.27 Ϯ 0.03; p ϭ 0.23; Fig. 2 A, B ). This suggests that although glutamatergic innervations to a GABAergic neuron may increase the total number of vesicles available for release, it decreases the release probability for each vesicle.
To determine whether the decrease in GABAergic synaptic efficiency in the glu-GABA pair is target-cell specific, we compared the P vr and PPR of GABAergic output onto the GABAergic postsynaptic cell (I A ; Fig. 1A ) and onto the glutamatergic postsynaptic cell (I H ; Fig. 1A ) in glu-GABA pairs. We found that P vr and PPR values were not different ( Fig. 2D ), demonstrating target cell indifferent behavior. Glutamatergic autapses and heterosynapses (E A , E H ; Fig. 1A ) also showed similar P vr and PPR values within glu-GABA pairs ( motypic pairs (both glu-glu and GABA-GABA), we found that PPRs were not different between autaptic and heterosynaptic connections (Fig. 2C,D) . These data suggest that the decrease in synaptic release efficiency that occurs in GABAergic synapses in response to glutamatergic input happens in a cell-wide manner and is not target-cell specific, at least with regard to excitatory or inhibitory postsynaptic targets.
Increased GABAergic synapse number contributes to increased RRP size
The larger output RRP sizes of GABAergic neurons with glutamatergic innervation may suggest proliferation of GABAergic synapses. To test this, we compared the total synapse numbers using immunocytochemical methods (Fig. 3) . We labeled markers for glutamatergic synapses and GABAergic synapses (VGLUT1 and VGAT, respectively; Fig. 3A ). In isolated glutamatergic neurons, the glutamatergic synapse number was comparable to the number of glutamatergic synapses in glu-GABA pairs and the synapse number per cell in glu-glu pairs (total number of VGLUT1-positive synapses divided by two; Fig. 3B ). In contrast, the number of GABAergic synapses in glu-GABA pairs was significantly larger than the synapse number of single GABAergic neurons (Fig. 3C) . Additionally, there was a trend for the number of GABAergic synapses in glu-GABA pairs to be larger than the average number per cell in GABA-GABA pairs, though this difference did not reach signficance, likely due to each pair of GABA-GABA cells yielding only a single measurement (total number of VGAT-positive synapses divided by two; Fig. 3C ).
This suggests that in the two-neuron microcircuit, a glutamatergic neuron makes the same total number of synaptic contacts independently of the postsynaptic neuron. However, the GABAergic neuron in a two-neuron microcircuit makes a higher number of total synaptic contacts with glutamatergic input. To confirm that the increase in synapse number for GABAergic neurons in glu-GABA pairs as indicated by immunocytochemistry reflects synapses that actively undergo exocytosis and to account for the variability in GABAergic synapse number between cells in GABA-GABA pairs, we used an imaging approach to monitor presynaptic synapse activation (Fig. 4) . In these experiments, a pair of neurons expressing synaptophysin tagged with two pHluorin proteins (SypH 2X; Zhu et al., 2009) was patched in whole-cell voltage-clamp mode and each cell was consecutively stimulated with 300 brief (2 ms, 0 mV) depolarizations at 20 Hz, which elicits an AP train at the same frequency (Fig. 4A) . The neurotransmitter identity of each cell was determined by comparing the kinetics of the output PSC (Fig. 4A) . We compared the area (in pixels) that showed an increase in SypH 2X fluorescence in response to the 300 AP train (20 Hz) in GABAergic neurons from 21 glu-GABA pairs and five GABA-GABA pairs (Fig. 4 B, C) . We assume that the area of SypH 2X fluorescence is proportional to the number of synapses. Consistent with the immunocytochemistry analysis (Fig. 3) and RRP size measurements (Fig. 1) , we found that the area of activated synapses in GABAergic neurons from glu-GABA pairs was 280 Ϯ 50% of that in GABAergic neurons from GABA-GABA pairs ( p ϭ 0.03; Fig. 4B-D) . This suggests that GABAergic neurons generate more synapses when paired with a glutamatergic neuron than with another GABAergic cell.
Glu-GABA pairs do not exhibit cell-type-dependent synapse formation
To assess the target cell preference for the increased number of GABAergic synapses formed in glu-GABA pairs, we performed immunocytochemical experiments to compare the density of GABAergic synapses along dendrites of glutamatergic and GABAergic neurons (Fig. 5 A, B ; see Materials and Methods for details). In glu-GABA pairs, we found that glutamatergic neurons formed synapses onto themselves (glu autapse; Fig. 5C ) or onto GABAergic neurons (glu hetero; Fig. 5C ) with the same density (Fig. 5C ). The density was approximately half of that from single glutamatergic neurons (Fig. 5C) , consistent with the finding that the total number of synapses made by a glutamatergic neuron was not altered when a partner GABAergic neuron was present (Fig.  3B ). In addition, GABAergic neurons in glu-GABA pairs formed synaptic contacts at the same density onto themselves (GABA autapse; Fig. 5D ) or onto glutamatergic neurons (GABA hetero; Fig. 5D ). However, the density was not reduced compared with that in single GABAergic neurons (Fig. 5D) , which is consistent with the finding that a GABAergic neuron exhibited expansion of total synapse number when a glutamatergic partner neuron was present (Fig. 3C) . Together, these data indicate that the synapse proliferation experienced by GABAergic neurons in glu-GABA pairs is not postsynaptic-target-cell specific.
If GABAergic neurons in a heterotypic pair form synapses at the same density without target-cell specificity, then what accounts for the disparity in autaptic to heterosynaptic IPSC and RRP for this configuration versus the others (Fig. 1F ) ? To investigate this, we measured the total dendritic length using MAP2 staining and found that glutamatergic neurons had longer dendrites than GABAergic neurons in glu-GABA pairs (Fig. 5E ). These values were comparable to single neuron microislands (Fig. 5E ). Using our density measurements along with the measured dendritic tree lengths, we again estimated the total number of synapses (Fig. 5 F, G) . From these measurements, we suggest that the disparity in autaptic to heterosynaptic response for GABAergic neurons in heterotypic pairs is likely due to differences in morphology of the two cell types (i.e., the longer dendrites in glutamatergic neurons) and is unlikely to be due to a postsynaptic cell-type-specific preference for formation of GABAergic synapses.
Neuronal activity is required for the modulation of GABAergic synapse formation and function in glu-GABA pairs
How do the inputs from glutamatergic neurons modulate the synapses of GABAergic neurons? One possible mechanism may involve increased neuronal activity, because this has been found to modulate glutamatergic and GABAergic synapse formation in mass culture preparations (Burrone et al., 2002; Hartman et al., 2006) . To test this, we blocked neuronal activity with TTX (0.5 M) treatment of our cultures continuously from 6 to 7 DIV until recording (12-13 DIV). We found that TTX treatment blocked the effect of glutamatergic innervations on GABA synapse formation and function, because RRP-GABA in TTX-treated glu-GABA pairs was similar to that in homotypic pairs (Fig. 6 A, B) . Furthermore, the GABAergic synapse density was significantly decreased compared with that in untreated pairs (synapses/100 m dendrite length: untreated GABAergic autapse 33.5 Ϯ 3.7, n ϭ 8, TTX-treated GABAergic autapse 12.9 Ϯ 1.6, n ϭ 15, p Ͻ 0.001; untreated GABAergic heterosynapse 33.0 Ϯ 3.0, n ϭ 8, TTX treated GABAergic heterosynapse 20.3 Ϯ 1.9, n ϭ 15, p Ͻ 0.001). The total number of synapses for a given presynaptic neuron was significantly decreased in GABAergic neurons, but not in glutamatergic neurons (Fig. 6C,D) . Our findings are consistent with previous work showing that suppression of network activity is associated with a decreased density of GABAergic synapses in mass cultures (Hartman et al., 2006) . We also tested the effect of TTX treatment on the release probability of each neuron in glu-GABA pairs. After TTX treatment, the values of P vr and PPR of GABAergic neurons paired with glutamatergic neurons were not significantly different from GABA-GABA pairs with or without TTX treatment (Fig. 6E-G) . TTX treatment did not affect the P vr of glutamatergic neurons in either glu-GABA or glu-glu pair configurations (nontreated, P vr : glu-GABA: 6.2 Ϯ 0.6%, n ϭ 52; glu-glu: 5.9 Ϯ 0.5%, n ϭ 14; p ϭ 0.07; TTX: P vr , glu-GABA: 5.3 Ϯ 0.6%, n ϭ 48; glu-glu: 5.0 Ϯ 0.7%, n ϭ 28; p ϭ 0.3) or RRP, PPR, or P vr of GABAergic neurons in GABA-GABA pairs (Fig. 6 A, B, F, G) .
Next, we decreased neuronal activity by blocking ionotropic glutamate receptors using NBQX (2 M) and APV (100 M) treatment during synapse development (from 6 -7 DIV until recording at 12-13 DIV). Again, we found that GABAergic neurons in antagonist-treated glu-GABA pairs tended to display a decreased RRP GABA ( p ϭ 0.08), whereas PPR decreased and P vr increased significantly with respect to untreated pairs (Fig. 6 B, E-G). We saw no change in the synapse properties of glutamatergic neurons (nontreated, RRP glu : 0.97 Ϯ 0.1 nC, n ϭ 26; NBQX/ APV, RRP glu : 1.23 Ϯ 0.1 nC, n ϭ 20; p ϭ 0.28; nontreated, P vr : 6.2 Ϯ 0.6%, n ϭ 52; NBQX/APV, P vr : 5.15 Ϯ 0.9%, n ϭ 40; p ϭ 0.23; nontreated, PPR: 1.30 Ϯ 0.1, n ϭ 48; NBQX/APV, PPR: 1.32 Ϯ 0.1, n ϭ 28; p ϭ 0.90). Therefore, chronic activity blockade reversed the synaptic output phenotype of GABAergic neu- rons in glu-GABA pairs to the phenotype of GABA-GABA pairs. Furthermore, the lack of changes in synaptic output in glutamatergic neurons upon treatment with TTX and ionotropic glutamate receptor antagonists suggests that glutamatergic synapse formation does not require neuronal activity/synaptic transmission, as suggested by previous studies (Craig et al., 1994; Rao and Craig, 1997; Gomperts et al., 2000; Verhage et al., 2000; Varoqueaux et al., 2002; Lu et al., 2013) .
Specific inhibition of GluA2-lacking AMPARs with philanthotoxin-433 treatment during development (10 M, 6 d before recording) also impaired the GABAergic output modification by decreasing RRP GABA sizes and increasing synaptic efficiency (data not shown; see Discussion). This indicates that GABAergic synaptic output modification in glu-GABApairsrequiresneuronalactivityand ionotropic glutamatergic receptor activation.
We next investigated whether neuronal activity alters gene expression in GABAergic neurons in glu-GABA pairs. Using immunocytochemistry, we examined the expression of an activitydependent marker (c-fos; Morgan and Curran, 1991; Ghosh et al., 1994; Flavell and Greenberg, 2008 ) and a cell growth marker (pS6; Flavell and Greenberg, 2008; Meyuhas, 2008; Knight et al., 2012) in identified glu-GABA pairs in the presence and absence of TTX. However, we saw no obvious changes for the markers tested in either cell type with TTX treatment (data not shown).
Neuronal activity is required for the modulation of glutamatergic input onto GABAergic neurons in glu-GABA pairs
Are postsynaptic response properties also altered in glu-GABA pairs? To test this, we examined mPSCs, which provide insight into postsynaptic receptor composition/ function. Autaptic mEPSCs in glu-GABA pairs were similar to mEPSCs in glu-glu pairs (25.7 Ϯ 1.5 pA, n ϭ 20 and 24.6 Ϯ 1.6 pA, n ϭ 34, respectively; p ϭ 0.36). However, mEPSCs onto GABAergic neurons showed significantly increased amplitudes ( Fig. 7 A, B) and faster decay kinetics (Fig. 7C) , effects that could be due to a different AMPAR composition in GABAergic neurons, presumably including the GluA2-lacking AMPAR (Geiger et al., 1997) . The mIPSCs in glu-GABA pairs were similar in amplitude regardless of the postsynaptic neuron identity (autaptic: 41.8 Ϯ 5.4 pA, n ϭ 20; heterosynaptic: 37.9 Ϯ 4.3 pA, n ϭ 20; p Ͼ 0.05). Furthermore, the kinetics of mIPSCs were not altered because the decay time constant was not significantly different between the two groups (data not shown).
Interneurons have been shown to express GluA2-lacking AMPARs in situ (Geiger et al., 1995; Isaac et al., 2007) . However, it is undetermined whether this is due to a cell autonomous program that is set up in early development or if it is neuronal activity dependent. To test this, we studied the effect of chronic activity blockade on glutamatergic input onto GABAergic neurons in our two-cell culture system. TTX treatment (DIV 6 -12) led to a significant decrease of mEPSC amplitudes onto GABAergic neurons (Fig. 7 A, B) and slowing of the mEPSC decay time constant (Fig. 7 A, C) , reaching values similar to those seen in the other glutamatergic synapses, which argues for a change in AMPAR composition. However, blocking ionotropic glutamate receptors did not change the properties of mEPSCs onto GABAergic neurons (Fig. 7 B, C) . Therefore, glutamatergic input modifies postsynaptic glutamate responses in GABAergic neurons in an activity-dependent manner, which requires AP firing. In contrast, autaptic mEPSCs in glu-GABA pairs were not affected by neuronal activity blockade with TTX or ionotropic glutamate receptor antagonist treatment (Fig. 7A-C) , nor were mIPSC amplitudes of either synapse type (TTX-treated autaptic: 37.4 Ϯ 1.8 pA, n ϭ 24; TTX-treated heterosynaptic: 43.4 Ϯ 2.5 pA, n ϭ 24). The lack of change in autaptic mEPSC amplitude with activity blockade suggests our two-cell culture system is lacking homeostatic synaptic plasticity (Turrigiano et al., 1998; Turrigiano and Nelson, 2004) . Synapses containing GluA2-lacking AMPARs exhibit inwardly rectifying postsynaptic responses (Jonas and Burnashev, 1995) . Therefore, to further characterize the differences in AMPAR composition on GABAergic and glutamatergic neurons, we compared EPSC rectification in glu-glu and glu-GABA pairs. In glu-glu pairs, the EPSC in glutamatergic neurons exhibited a linear current-to-voltage relationship (Fig. 7D) . In glu-GABA pairs, the EPSC in GABAergic neurons was partially inward rectifying (Fig. 7E) , indicating the expression of GluA2-lacking AMPARs on GABAergic neurons. This rectification was abolished when neuronal activity was blocked by TTX treatment but not by the ionotropic glutamate receptor antagonists NBQX/APV (Fig. 7E ). This was quantified by comparing the EPSC amplitude recorded at ϩ60 mV with that recorded at Ϫ80 mV per cell to establish a rectification index (RI; ϩ60/Ϫ80 mV; Bats et al., 2012) . The RI was significantly larger for glutamatergic to GABAergic connections in TTX-treated cells compared with control and NBQX/APV-treated cells (Fig. 7G) , suggesting a decrease in the contribution of inward rectifying current in this condition. The RI was not different in glutamatergic to glutamatergic connections for any condition tested (Fig.  7F ) . Therefore, these data indicate that neuronal activity, but not the activation of ionotropic glutamate receptor, shapes the GABAergic neuron's response to glutamatergic input.
Further analysis of the mPSC events revealed that mEPSC frequency (in glu-GABA pairs) was unchanged by pharmacological treatment (TTX: 11.2 Ϯ 1.3 Hz, n ϭ 20; no TTX: 15.1 Ϯ 1.8 Hz, n ϭ 19, p ϭ 0.08), but, analogous to the modification of RRP size, the frequency of mIPSCs was significantly reduced in the TTX-treated group (TTX: 5.1 Ϯ 0.8 Hz, n ϭ 22; no TTX: 9.1 Ϯ 1.4 Hz, n ϭ 22, p ϭ 0.01).
Glutamatergic neuronal activity is required for the modulation of GABAergic synapse formation and function
As shown in Figure 6 , inhibition of global neuronal activity resulted in a decreased GABAergic synapse number, along with increased synaptic efficiency in our two-neuron microcircuit. We aimed to study which cell type's activity is required to modulate GABAergic synaptic properties. By taking the advantage of our two-neuron culture system, we suppressed either glutamatergic or GABAergic neuronal activity by cell-type-specific overexpression of the inward-rectifying potassium channel Kir2.1 (see Materials and Methods; Burrone et al., 2002) and then examined the GABAergic synaptic output and input properties. Consistent with previous studies (Burrone et al., 2002) , Kir2.1-expressing cells showed an inwardly rectifying current-to-voltage relationship (data not shown) and reduced input resistance (38 Ϯ 4.6% decrease in glutamatergic neurons; control, n ϭ 18, Kir2.1, n ϭ 12; 27 Ϯ 5.1 % decrease in GABAergic neurons; control, n ϭ 13, Kir2.1, n ϭ 14. We found that if Kir2.1-expressing cells were glutamatergic, the RRP GABA sizes were significantly reduced compared with the control group (Fig. 8 A, B) . This was accompanied by increased synaptic efficiency, as indicated by a reduced PPR (Fig. 8C,D) . However, these changes were not observed in pairs with a Kir2.1-expressing GABAergic neuron (Fig. 8A-D) . Importantly, the glutamatergic neurons showed no change in output RRP or PPR regardless of whether they or the GABAergic neuron in the pair expressed Kir2.1 (RRP glu : control 1.1 Ϯ 0.3 nC, n ϭ 21; Kir2.1 in glu 1.1 Ϯ 0.3 nC, n ϭ 21; p ϭ 0.99; control 1.0 Ϯ 0.2 nC, n ϭ 18, Kir2.1 in GABA 1.3 Ϯ 0.2 nC, n ϭ 21; p ϭ 0.28. PPR: control 1.4 Ϯ 0.1, n ϭ 32; Kir2.1 in glu 1.4 Ϯ 0.1, n ϭ 42; p ϭ 0.77; control 1.1 Ϯ 0.1, n ϭ 25, Kir2.1 in GABA 1.3 Ϯ 0.1, n ϭ 36; p ϭ 0.08). Furthermore, in glutamatergic Kir2.1-expressing glu-GABA pairs, the mEPSCs recorded in GABAergic neurons had strongly reduced amplitude compared with the equivalent connection in control glu-GABA pairs, whereas the autaptic mEPSC were not affected by Kir2.1 expression (Fig. 9 A, B) . In addition, the difference in decay time of mEPSCs on GABAergic neurons compared with mEPSCs on glutamatergic neurons was abolished in glutamatergic Kir2.1-expressing glu-GABA pairs (decay time constant: control glu autapse: 3.5 Ϯ 0.1 ms, n ϭ 16; control glu heterosynapse: 2.7 Ϯ 0.2 ms, n ϭ 15; p ϭ 0.0004; Kir2.1 glu autapse: 3.4 Ϯ 0.1 ms, n ϭ 15; Kir2.1 glu heterosynapse: 3.1 Ϯ 0.3 ms, n ϭ 14; p ϭ 0.31). However, in GABAergic Kir2.1-expressing glu-GABA pairs, the mEPSCs onto GABAergic or glutamatergic neurons were comparable to their respective group in control glu-GABA pairs (Fig. 9C,D) . Therefore, these data indicate that in glu-GABA pairs, the output (e.g., RRP size and vesicle release efficiency) from and the synaptic input onto the GABAergic neuron are shaped by activity of the glutamatergic neuron.
Discussion
In this study, we used a simple two-neuron microcircuit to investigate the process of synaptic formation and evolvement of functional synaptic properties. We show that whereas glutamatergic neurons remained insensitive to glutamatergic or GABAergic innervation, GABAergic neurons exhibited modulation of both synaptic input and output properties in response to glutamatergic innervation. Although the findings are consistent with observations related to GABAergic synapse maturation (Marty et al., 2000; Morales et al., 2002; Chattopadhyaya et al., 2004; Colin-Le Brun et al., 2004; Tang et al., 2007; Jiang et al., 2010; Grantyn et al., 2011) , we have now shown directly that these changes are due to glutamatergic input. GABAergic input modulation required firing in glutamatergic neurons, which led to a switch of postsynaptic AMPAR composition from linear to inward rectifying. GABAergic output changed through synapse proliferation accompanied by reduced release efficacy. Both firing in glutamatergic neurons and glutamate receptor activation were required to induce output modulation. The changes initiated in the GABAergic neuron were cell wide and not target-cell specific with regard to neurotransmitter identity, possibly suggesting the activation of a different genetic program with excitatory input.
Mechanism of GABAergic output modulation
The emergence of glutamatergic input onto GABAergic neurons increased the number of GABAergic synapses, but at the same time decreased their efficiency of release. Interestingly, both synapse proliferation and decreased release probability have been reported separately as hallmarks of GABAergic neuron maturation in the developing cortex ( (Fig. 6 ). Chronic blockade of Ca 2ϩ -permeable AMPARs also impaired the GABAergic output modification (data not shown), although it is unclear whether this was due to impaired Ca 2ϩ influx into the GABAergic neuron or to reduced overall excitatory input. As for neuronal activity, expression of Kir2.1 in glutamatergic neurons alone reversed the GABAergic output properties, whereas expression of Kir2.1 in the GABAergic neuron did not. However, in the latter configuration, we still cannot rule out the possibility that the large input from the partner glutamatergic neuron in the microcircuit evokes firing in the GABAergic Kir2.1 neuron. Consistent with previous findings, we found that inactivity of glutamatergic neurons did not affect glutamatergic synapse formation (Craig et al., 1994; Rao and Craig, 1997; Gomperts et al., 2000; Lu et al., 2013) . What is the mechanism for the reduced P vr accompanying the increased GABAergic synapse number? One possible explanation is that although making additional synapses requires the upregulation of hundreds of genes, gene products affecting synaptic output, such as voltage-gated channels, may not be upregulated proportionately, leading to their dilution over more synapses. Alternatively, active mechanisms could explain this result. For example, presynaptic release probability changes attributed to active Ca 2ϩ modulation are observed when postsynaptic excitability is altered in Drosophila neuromuscular junction (Paradis et al., 2001) or global network activity is blocked in culture (Zhao et al., 2011) .
Activity-dependent modulation of AMPAR responses in GABAergic neurons
Glutamatergic input is required for clustering AMPARs on hippocampal GABAergic neurons (Rao et al., 2000) . We found that glutamatergic input also regulates the functional properties of these AMPARs. Glutamatergic responses in GABAergic neurons of the two-neuron microcircuit show inward rectification, large mEPSC amplitudes, and faster decay kinetics (Fig. 7) , which is reminiscent of the GluA2-lacking AMPAR composition often observed in GABAergic neurons (McBain and Dingledine, 1993; Geiger et al., 1995; Isa et al., 1996; Racca et al., 1996) . However, when AP firing in glutamatergic neurons was impeded, the AMPAR responses in GABAergic neurons showed characteristics of GluA2-containing AMPARs (Fig. 9) . We suggest that the default AMPAR composition of synapses on GABAergic neurons is GluA2 containing and incorporation of GluA2-lacking AMPARs depends on glutamatergic neuronal activity and synaptic contact. The transition from Ca 2ϩ -impermeable to Ca 2ϩ -permeable AMPARs on GABAergic neurons after glutamatergic innervation may mark a step in the maturation of the GABAergic neuron. This is in contrast to more dynamic, activity-dependent modification of AMPAR composition, such as at the parallel fiber to stellate cell synapse in cerebellum, where high-frequency stimulation converts rectifying receptors to linearly conducting receptors (Liu and Cull-Candy, 2000; Liu and Cull-Candy, 2002) .
Interestingly, ionotropic glutamate receptor antagonists did not prevent the incorporation of GluA2-lacking receptors into synapses on the GABAergic neurons. Therefore, initial synaptic contact, together with AP firing in the glutamatergic neuron, is sufficient for incorporation of inward-rectifying receptors. This result suggests that activity-dependent signals from glutamatergic neurons, such as AP-dependent release of trophic factors, might induce the expression of GluA2-lacking AMPARs on the GABAergic neuron, as has been suggested to occur in glutamatergic neurons (Nakata and Nakamura, 2007; Fortin et al., 2012) .
Cell intrinsic regulation in two-neuron culture system
The properties of in vivo circuits are the result of intrinsic cellular programs and extrinsic network effects. In our reduced circuit, we suggest that glutamatergic neurons behave in a cell intrinsic fashion: they showed no change in synapse formation or function when cells received inputs from either glutamatergic or GABAergic neurons or experienced changes in activity levels. As further evidence of cell intrinsic behavior, we found that the total number of synapses a glutamatergic neuron makes is not different between single and paired neurons. These results suggest that the glutamatergic neuron may be programmed to form a fixed number of connections, which is consistent with previous findings for glutamatergic neurons in microcircuits (Mennerick et al., 1995) , in mass culture (Harms et al., 2005) , and in vivo (Lu et al., 2013) . Impeding AP firing in a postsynaptic neuron was shown to result in decreased glutamatergic synaptic contacts onto that neuron with respect to other neurons in the network (Burrone et al., 2002) . However, global activity blockade does not result in decreased glutamatergic synapse formation (Craig et al., 1994; Rao and Craig, 1997; Gomperts et al., 2000; Burrone et al., 2002; Wierenga et al., 2006) , suggesting that the effect of a postsynaptic neuron's activity on synaptic density is network dependent.
In the traditional sense, the changes induced in GABAergic neurons in response to glutamatergic innervation observed here are not cell intrinsic. It has been shown that silencing neuronal activity inhibits the formation of GABA synapses in a networkdependent fashion (Marty et al., 2000; Hartman et al., 2006) . Consistent with these results, we found that the modulation of GABAergic input and output required the activity of a glutamatergic neuron (Figs. 8, 9 ). However, we interpret these changes as a maturational switch between cellular programs by glutamatergic input, because the changes were cell wide and not target-cell specific. GABAergic synapses contacting both postsynaptic cell types exhibited the same density and degree of decrease in release efficiency (Figs. 2, 5) . In more complex networks, extrinsic factors likely further influence these processes, because synapse formation (Gulyás et al., 1990; Han et al., 1993; Larimer and Strowbridge, 2008 ) and short-term plasticity (Shigemoto et al., 1996; Thomson, 1997; Reyes et al., 1998; Scanziani et al., 1998; Gupta et al., 2000; Tó th and McBain, 2000; Fioravante and Regehr, 2011 ) exhibit target cell specificity.
GABAergic interneurons in hippocampus in vivo exhibit great morphological and functional heterogeneity (McBain and Fisahn, 2001; Somogyi and Klausberger, 2005) . Although it has been shown that hippocampal GABAergic neurons in autaptic culture maintain functional diversity (Ikeda et al., 2008) , we did not classify cells beyond neurotransmitter identity. Because glutamatergic input induced changes in GABAergic neurons, presumably over a range of subtypes, in our system, this may be a basic mechanism to induce maturation in the general population of inhibitory neurons.
We did not observe classical homeostatic plasticity changes such as scaling of synaptic strength (Turrigiano et al., 1998) with activity blockade in our two-neuron culture. However, it has been suggested that homeostatic scaling induced by activity blockade during synapse formation, a time range consistent with our TTX application, is a result of non-cell-autonomous network effects (Burrone et al., 2002; Hartman et al., 2006) . We suggest our lack of synaptic scaling serves as further evidence that the two-neuron microcircuit is free of extrinsic network effects.
A model for network development
The modifications of GABAergic neuron input and output we observed in response to glutamatergic innervation would have several implications for the in vivo network. The coincident increase in GABAergic synapse formation and decrease in GABAergic synaptic efficiency initiated by glutamatergic innervation will change both the spatial and temporal properties of inhibition in a network. Because maturation of GABAergic synapses is an integral process to network development (Grantyn et al., 2011) , it is important to understand how this process is affected by synaptic input on a basic level. Because this process appears to be preserved in the two-neuron microcircuit, we can use this model to further investigate the molecular pathways governing GABAergic maturation during normal development and how they may be perturbed in disease states.
